I. INTRODUCTION
There has been intense research on 2D materials in the last few years. Besides graphene 1,2 and other elemental 2D materials, 3 intense investigations have been carried out on other inorganic 2D materials such as transition metal dichalcogenides. 4, 5 In particular, MoS 2 has been found to exhibit many novel properties, an interesting one pertaining to the hydrogen evolution reaction (HER). 6, 7 A significant development in the area of 2D materials is that of van der Waals heterostructures obtained by the stacking of different 2D structures. Typical of these heterostructures are graphene-MoS 2 8 and graphene-BN. 9 Another interesting development relates to the generation of novel materials by covalent cross-linking of 2D layers. 10 Examples of these are graphenegraphene, graphene-MoS 2 , MoS 2 -C 3 N 4 , MoS 2 -BCN, and so on. Cross-linking layers of 2D nanomaterials have been achieved by the use of coupling reactions such as Sonogashira coupling and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC⋅HCl) coupling. It has been found that some of the nanocomposites obtained by covalent linking exhibit extraordinary properties.
In view of the usefulness of covalent linking in generating 2D nanocomposites with novel properties, we have described the salient features of the method as well as some properties of typical nanocomposites in this perspective. The aspects covered in this article are synthesis of graphene-graphene, graphene-MoS 2 , MoS 2 -MoS 2 , MoS 2 -C 3 N 4 , MoS 2 -borocarbonitride (BCN), phosphorene-MoS 2 (P-MoS 2 ), phosphorene-C 3 N 4 (P-C 3 N 4 ), and phosphorene-BCN (P-BCN) nanocomposites by employing coupling reactions and their photo/electrocatalytic H 2 evolution activities. The choice of 2D MoS 2 , 11 BCN, 12 and C 3 N 4 13 to generate these new composites was based on the known catalytic and other properties of these materials relevant to HER studies reported in the literature. The choice of phosphorene was based on the expectation that the lone pairs on phosphorus may interact with a direct bandgap semiconductor such as 2H-MoS 2 to give rise to novel properties. 3 Photocatalytic H 2 evolution with the P-MoS 2 nanocomposite is indeed found to be substantial with an evolution of 25 734 μmol h -1 g -1 . More interestingly, the BCN-MoS 2 nanocomposite shows outstanding electrochemical HER activity with a Tafel slope of 33 mV dec −1 close to that of Pt. We have also given an account of the effect of the relative proportions of the two 2D layers in the nanocomposites and of the length of the linker (inter-layer gap) on the HER activity of the covalently linked 2D nanocomposites.
II. DIFFERENT COVALENTLY CROSS-LINKED 2D MATERIALS
Sonogashira coupling has been employed in synthetic organic chemistry to form carbon-carbon bonds between a terminal alkyne and an aryl or a vinyl halide. 14 By this means, conjugated microporous polymers (CMPs) are obtained which display interesting morphological and functional properties. 14 We have employed Sonogashira coupling to prepare nanocomposites based on several 2D layered materials including graphene and MoS 2 . The list of reactants employed and the covalently linked nanocomposites obtained by us by means of Sonogashira coupling are presented in Table I .
In Scheme 1, we show how covalently cross-linked graphenegraphene nanocomposites are obtained by Sonogashira coupling. 15 The preparative method involves iodobenzene functionalization of reduced graphene oxide (RGO-IBz) with the in situ prepared diazonium salt of 4-iodoaniline. The subsequent steps involve dispersing RGO-IBz in dry N,N-dimethylformamide (DMF) by sonication. The RGO-IBZ sheets in the dispersion are cross-linked with the 1,4diethynylbenzene or 4,4 ′ -diethynylbiphenyl linker in the presence of Pd(0) and Cu(+1) catalysts to obtain the 3D graphene frameworks (PGF-1 and PGF-2). [15] [16] [17] We have extended the Sonogashira coupling strategy to prepare MoS 2 -MoS 2 and MoS 2 -RGO nanocomposites. Scheme 2 presents the steps involved in preparing covalently pillared MoS 2 and MoS 2 -RGO nanocomposites. 18 Metallic 1T-MoS 2 was prepared by lithium intercalation in 2H-MoS 2 followed by exfoliation. The process of Li-intercalation and exfoliation results in excess negative charge to the overall neutral structure which is distributed over the exterior S atoms. Iodobenzene-functionalized MoS 2 (MoS 2 -IBz) was prepared by treating exfoliated MoS 2 with the diazonium salt of 4-iodoaniline. The functionalization reaction is facilitated by an electron transfer from the metallic 1T-MoS 2 to the electrophilic diazonium salt of 4-iodoaniline precursor to form C-S bonds. Further steps involve obtaining the MoS 2 -IBz dispersion in dry DMF by sonication and cross-linking it with the 4,4 ′ -diethynylbiphenyl (DEBP) linker in the presence of Pd(0) and Cu(+1) salts. The synthetic process for the MoS 2 -RGO composite is similar to that of the MoS 2 -MoS 2 nanocomposites except for the initial reduction of graphene oxide (GO) in hydrazine hydrate to yield reduced graphene oxide (RGO). Prior to the coupling, MoS 2 -IBz and RGO-IBz were mixed and dispersed in dry DMF through sonication. 18 In order to prepare C 3 N 4 -NRGO and C 3 N 4 -MoS 2 nanocomposites, we have adopted the carbodiimide cross-linking strategy using 1-ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC) as the coupling reagent (Scheme 3). 19 The list of the reactants employed and the cross-linked products obtained by this are given in Table II . The C 3 N 4 -NRGO nanocomposite was obtained by reacting amine-functionalized C 3 N 4 with nitrogen-doped reduced graphene oxide (NRGO), prepared by the microwave irradiation of a mixture of graphene oxide (GO) and urea, 22 in the presence of EDC. To prepare C 3 N 4 -MoS 2 nanocomposites, amine-containing C 3 N 4 layers were treated with carboxylate-functionalized MoS 2 in the presence of the EDC reagent. Carboxylate-functionalized MoS 2 (MoS 2 -CH 2 COOH) was obtained by the reaction of metallic 1T-MoS 2 with bromoacetic acid. 23 Metallic 1T-MoS 2 , possessing excess electrons on the surface, behaves as a nucleophile and undergoes substitution of the bromo group in bromoacetic acid by the sulfur of MoS 2 , thereby forming the C−S bond. The scheme for linking the graphene domains in a BCN with each other (GG/BCN-BCN) and for linking the graphene domains with the BN domains in BCN (GBN/BCN-BCN) is presented in Scheme 4. 20 Linking graphene domains in BCN with each other (GG/BCN-BCN) was accomplished by bonding the carboxyl functional groups of the graphene domain of one BCN layer with the hydroxyl groups of the graphene domain of another BCN layer using the esterification strategy. 24, 25 Carboxyl functional groups of the graphene domains on cross-linking with amine groups of the BN domain using the EDC reagent yield nanocomposites of graphene with BN domains (GBN/BCN-BCN). 25 In Scheme 5, we show graphene as well as BN domain in BCN covalently linked to MoS 2 by carbodiimide coupling.
1T-MoS 2 nanosheets generated by lithium intercalation of bulk 2H-MoS 2 23,26 are reacted with a 10-fold excess of iodoaniline (I-C 6 H 4 -NH 2 ) to obtain amine functionalized MoS 2 (MoS 2 -C6H4NH 2 ). 27 Subsequently, the surface amine groups on MoS 2 are reacted with residual carboxyl functional groups of BCN in the presence of the EDC reagent to yield G/BCN-MoS 2 . 21 Coupling of the acid functionalized MoS 2 (MoS 2 -CH 2 COOH), obtained by the reaction of 1T-MoS 2 with bromoacetic acid, 28 utilizing residual carboxyl and amine functional groups of BCN, respectively. 29 For the synthesis of P-C 3 N 4 and P-BCN nanocomposites, we initially prepared few-layer phosphorene by exfoliating black phosphorus in anhydrous DMF solvent. The reaction of phosphorene with the bromoacetic acid reagent gives carboxylic acid-functionalized phosphorene (P-CH 2 COOH). 27 Reactions of P-CH 2 COOH with amine functionalized C 3 N 4 as well as BCN were carried out in the presence of EDC⋅HCl to obtain P-C 3 N 4 and P-BCN nanocomposites, respectively. Here, the condensation reaction between the carboxyl and amine groups leads to the formation of the amide bond. Covalently linked P-C 3 N 4 and P-BCN nanocomposites have been reported for the first time in the present study.
III. GAS ADSORPTION PROPERTIES IN BRIEF
Some of the covalently linked 2D nanocomposites have been examined for gas adsorption properties since the parent 2D materials themselves are known to show good gas adsorption properties. For example, graphene 2 and BCN 12 exhibit high surface areas. Furthermore, we considered it possible that the surface properties may have some effect on the HER activity. Nitrogen adsorption isotherms of covalently linked graphene frameworks (PGFs) display characteristics of both type-I and type-II features in the low and high pressure sections, respectively, following the IUPAC system. 15, 30 The Brunauer-Emmet-Teller (BET) surface areas of PGF-1 and PGF-2 are ∼770 m 2 g −1 and 820 m 2 g −1 , respectively. The higher N 2 uptake by PGF-2 shows the effect of increasing the pillar length from the 1,4-diethynylbenzene to 4,4 ′ -diethynylbiphenyl linker.
PGF-1 and PGF-2 exhibit CO 2 uptakes of 572 ml/g and 301 ml/g corresponding to 112 wt. % and 60 wt. %, respectively, at 195 K and 1 atm. Under ambient conditions (273 K and 1 atm), PGF-1 and PGF-2 exhibit CO 2 uptakes of ∼7.2 wt. % and 6.3 wt. %, respectively. PGF-1 and PGF-2 show H 2 uptakes of 1.2 wt. % and 1.0 wt. %, respectively, at 1 atm and 77 K. These values are comparable with high surface area MOFs 31, 32 and with some of the graphene-based frameworks 33, 34 (Table III) . N 2 sorption profiles of MoS 2 -MoS 2 and MoS 2 -RGO (3:1) nanocomposites show adsorption characteristics similar to the PGFs with BET surface areas of ∼498 m 2 g −1 and 512 m 2 g −1 , respectively. 18, 30 Covalently linked MoS 2 -MoS 2 and MoS 2 -RGO (3:1) nanocomposites show CO 2 uptakes of 11.4 wt. % and 12.8 wt. %, respectively, at 298 K and 1 atm. The high CO 2 uptake of these nanocomposites is attributed to the interaction of the CO 2 molecule with the π-electron cloud of the aromatic network as well as with sulfur defects in MoS 2 . 35, 36 Even though the uptake efficiency of CO 2 is less than that of some of the reported MOFs and zeolite 13 X, 37-39 these assemblies can be useful in harsh chemical and thermal environments.
IV. HER ACTIVITY

MoS2-MoS2 and MoS2-RGO nanocomposites:
The photocatalytic HER activity of MoS 2 -MoS 2 and MoS 2 -RGO nanocomposites has been examined in the presence of Eosin Y (EY) dye as the sensitizer and triethanolamine (TEOA) as the sacrificial electron donor, under UV-vis light (halogen lamp, 100 W) illumination. 40 In Fig. 1(a) , we show the yields of H 2 obtained with MoS 2 -MoS 2 and MoS 2 -RGO nanocomposites as well as with the starting MoS 2 -IBz. 18 MoS 2 -IBz displays an activity of only 68 μmol g −1 h −1 [turnover frequency (TOF), 0.01 h −1 ], whereas the covalently linked MoS 2 -MoS 2 nanocomposite shows an enhanced activity of 1752 μmol g −1 h −1 (TOF of 0.84 h −1 ). The improved activity in the case of the covalently linked MoS 2 -MoS 2 nanocomposites is due to the increased surface area as well as the greater exposed edge sites of MoS 2 due to cross-linking. This is corroborated by the fact that MoS 2 -MoS 2 nanocomposites (498 m 2 g −1 ) show ∼16× enhancement in surface area compared with the starting few-layer MoS 2 (30 m 2 g −1 ). Second, theoretical and experimental investigations have shown that the catalytic HER activity of 2D MoS 2 is solely dependent on the edge sites because the in-plane sites are inert.
In covalently linked composites, the MoS 2 edge sites are more exposed due to pillaring which gives rise to a high active surface area for H + adsorption and contributes to the enhanced activity. The Fig. 1(d) . These results demonstrate the benefit of covalent cross-linking for superior HER activity. The superior HER activity of covalently linked nanocomposites is attributed to the enhanced charge-transfer rate as well as greater planarity of the cross-linked layers. 19 DFT calculations also suggest that charge-transfer in the covalently linked composites occurs simultaneously through space and bonds between the cross-linked layers. The lack of directional bonds in the physical mixture reduces the homogeneity of the heterolayers and the magnitude of charge-transfer between the layers. Phosphorene covalently linked with C3N4 and BCN: (P-C 3 N 4 and P-BCN nanocomposites, reported for the first time in the present study): The P-C 3 N 4 nanocomposites were examined for the photocatalytic HER in an aqueous solution of TEOA as the sacrificial agent under visible light illumination, while the photocatalytic HER of P-BCN nanocomposites was studied under a similar condition in the presence of the photosensitizer (EY dye). The yields of H 2 evolved by P-BCN and P-C 3 N 4 nanocomposites are compared in Fig. 2(a) with the activities of parent phosphorene, BCN, and C 3 N 4 alone. Phosphorene alone shows an activity of 960 μmol g −1 h −1 , whereas the cross-linked P-BCN and P-C 3 N 4 exhibit a high activity of 6528 μmol g −1 h −1 and 11 274 μmol g −1 h −1 , respectively. The improved activity in the case of P-BCN and P-C 3 N 4 is attributed to the increased surface area as well as to the enhanced chargetransfer rate between the cross-linked components. The activity is higher in the case of P-C 3 N 4 compared to P-BCN possibly due to the correct band positions of bonded phosphorene for efficient charge-transfer from C 3 N 4 . The cycling study of the P-C 3 N 4 photocatalysts shows HER activity to be robust [ Fig. 2(b) ]. In addition, we have found extraordinary photocatalytic activity in the case of P-MoS 2 nanocomposites and these results are discussed in Sec. V. Table IV presents 
V. EFFECTS OF THE RELATIVE PROPORTION OF THE 2D LAYERS AND THE LINKER ON HER ACTIVITY (EG-MoS 2 NANOCOMPOSITES REPORTED FOR THE FIRST TIME IN THE PRESENT STUDY)
We had discussed the HER activity of MoS 2 -RGO nanocomposites of different compositions prepared by Sonogashira coupling in Sec. IV. In order to further examine the effect of relative proportions of different 2D layers on the HER, we have investigated EG-MoS 2 composites with different MoS 2 and exfoliated graphene (EG) contents, 2:1, 1:1, and 1:2, by EDC coupling (see the supplementary material for more details). The hydrogen evolution experiments were carried in aqueous solutions of TEOA under visible light in the presence of the EY dye as a photosensitizer. The EG-MoS 2 (1:2) composite with a high MoS 2 content shows a higher activity of 367 μmol g −1 h −1 , whereas EG-MoS 2 (1:1) and (2:1) show an activity of only 305 μmol g −1 h −1 and 184 μmol g −1 h −1 , respectively [ Fig. 4(a) ]. Under similar conditions, ethylene amine functionalized MoS 2 (MoS 2 CH 2 CH 2 NH 2 ) alone shows an activity of 98 μmol g −1 h −1 , while acid functionalized EG (EG-COOH) does not exhibit any notable H 2 evolution. The above results suggest that MoS 2 is the active component for hydrogen evolution in these Fig. 4(b) ]. This implies that an increase in the proportion of the linkers between the cross-linked components enhances the activity, possibly by increasing charge-transfer rates along with the increased interfacial area between the cross-linked components. 2D MoS 2 is known to be active for photo/electrocatalytic HER. 21 Phosphorene possesses a lone pair of electrons on the phosphorus atom which can interact with MoS 2 and play a role in giving rise to higher activity in P-MoS 2 composites. 21 We, therefore, considered it worthwhile to investigate the HER performance of phosphorene covalently linked to MoS 2 . We have investigated phosphorene-MoS 2 nanocomposites with different phosphorene and MoS 2 contents, 2:1, 1:1, and 1:2, prepared by EDC coupling. P-MoS 2 (1:1) and (1:2) composites show a comparable activity of 25 734 μmol g −1 h −1 and 24 628 μmol g −1 h −1 , respectively, whereas P-MoS 2 (2:1) with a high phosphorene content shows a slightly lower activity of 22 943 μmol g −1 h −1 [Fig. 4(c) ]. Unlike MoS 2 -EG, the proportion of the 2D layers did not alter the catalytic activity greatly since both the cross-linked components are intrinsically active for HER. 45 On the other hand, we observed enhanced activity in the case of P-MoS 2 (1:2, 20 wt. %) with a high proportion of the linker between the cross-linked layers as compared to P-MoS 2 (1:2, 11 wt. %) [ Fig. 4(d) ]. TGA curves of P-MoS 2 composites with 20 wt. % and 11 wt. % of the linker are given in Fig. S1(b) . The HER activities of MoS 2 -EG and P-MoS 2 composites with different proportions of the 2D layers and the linker are listed in Table V .
VI. EFFECT OF THE INTER-PLANAR SEPARATION ON HER ACTIVITY
In a recent study, we have investigated covalently crosslinked MoS 2 layers with MoS 2 or with graphene layers using linkers of varying length by the Sonogashira coupling strategy (Scheme S1). 46 Fig. 5(a) ]. These results demonstrate the decrease in the charge-transfer rate and hence overall HER activity with the increase in the linker length between the cross-linked MoS 2 sheets. DFT calculations have been performed to elucidate the mechanism behind the enhanced photocatalytic HER activity with decreasing inter-layer spacing. These studies suggest that the electron transfer from photoexcited dye to cross-linked MoS 2 layers is more efficient in the case of M-L-M and M-L-G composites with a shorter inter-layer spacing. On the other hand, an increase in the inter-layer spacing between the components, with a lengthy linker, causes confinement of charge redistribution close to the interface region, leading to the decreased charge transfer between the MoS 2 and other 2D layers and hence overall HER activity. Graphene-MoS 2 composites, M-L 1 -G, M-L 2 -G, and M-L 3 -G, exhibit an HER activity of 3720 μmol g −1 h −1 , 1138 μmol g −1 h −1 , and 391 μmol g −1 h −1 , respectively, with the HER activity decreasing with increasing interlayer distance between cross-linked components, similar to MoS 2 nanocomposites [ Fig. 5(b) ]. Higher activity in the case of MoS 2 -graphene composites is attributed to the enhanced charge-transfer from more conducting graphene to catalytically active MoS 2 sites through the 3D network. Clearly, the nature of the 2D sheets, the inter-layer distance, and the nature of the linker all provide pathways to tune the properties of the covalently linked nanocomposites.
VII. CONCLUDING REMARKS
The above discussion should indicate that the covalent crosslinking of layers of 2D materials is a useful strategy to generate novel 2D materials with interesting properties, specially HER activity. Although we have discussed covalent cross-linking at length, it should be noted that the heteroassemblies can also be generated by supramolecular means. Xiong et al. 47 have reported the synthesis of unilamellar graphene/MoS 2 superlattices by the solution phase electrostatic assembly between positively charged graphene and negatively charged MoS 2 . We used this strategy to prepare several nanocomposites including graphene, BCN, and MoS 2 and to study their HER activity. There are, however, certain special features of covalent linking of 2D layers. In the van der Waals heterostructures, ladder-like assemblies are not possible. Furthermore, there is no "chemical" interaction between layers, and charge-transfer would be negligible. The same would be true in the structures prepared by the electrostatic interaction of layers. 47 The supramolecular (noncovalent) interaction would also not give rise to interactions responsible for good catalytic activity. We, therefore, feel that covalent linking is unique in giving rise to nanocomposites with good catalytic and other properties.
SUPPLEMENTARY MATERIAL
See the supplementary material for EG-MoS 2 and P-MoS 2 composite synthesis with varying proportion of the 2D layers and the linker, TGA curves of amine functionalized MoS 2 with two different proportions of amine functionalities, TGA curves of the P-MoS 2 composite with varying proportion of the linker, and a schematic representation of the assemblies of covalently cross-linked nanosheets of MoS 2 with varying linker length.
